Detection of pneumococcal carriage by multiple co-colonizing serotypes is important in assessing the benefits of pneumococcal conjugate vaccine (PCV). Various methods differing in sensitivity, cost and technical complexity have been employed to detect multiple serotypes of pneumococcus in respiratory specimens. We have developed an algorithmic method to detect all known serotypes that preserves the relative abundance of specific serotypes by using Quellung-guided molecular techniques. The method involves culturing respiratory swabs followed by serotyping of 100 colonies by either capsular (10 colonies) or PCR (90 colonies) reactions on 96-well plates. The method was evaluated using 102 nasal swabs from children carrying pneumococcus. Multiple serotypes were detected in 22% of carriers, compared to 3% by World Health Organization (WHO)-recommended morphology-based selection of 1 to 3 colonies. Our method, with a processing cost of $87, could detect subdominant strains making up as low as 1% of the population. The method is affordable, practical, and capable of detecting all known serotypes without false positive reactions or change in the native distribution of multiple serotypes.
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Introduction
A comprehensive pneumococcal carriage study is important for understanding the benefits of pneumococcal conjugate vaccine (PCV) and to facilitate the licensure and introduction of newer vaccines [1, 2] . Colonization by multiple serotypes, or co-colonization, is an important factor to consider in such studies as it affects progression to invasive diseases, horizontal gene transfer and hostto-host transmission [1, [3] [4] [5] .
Recently, the World Health Organization (WHO) Pneumococcal Carriage Group described the following requisites for an ideal carriage study: (i) direct detection of multiple serotypes, without changing the relative proportions of various strains; (ii) quantitative measurement of pneumococcal strains; (iii) exclusion of any false-positive reactions through rigorous validation against Quellung reactions; (iv) capacity to detect all possible serotypes; (v) practicality; and (vi) affordability [6] . All current methods, however, suffer significant limitations, including inability to determine the magnitude of colonization [7] , cross-reactivity with other allied Streptococcus spp. (e.g., conventional PCR directly from samples) [8, 9] , sampling bias due to limitations in the processing capacity [10] , and high technological complexity and cost (e.g., microarraybased methods) [11, 12] .
We designed an algorithmic method that combines conventional and molecular techniques to enable: (1) quantification of the density of pneumococcal populations in respiratory specimens; and (2) detection of multiple serotypes and their classification as dominant, subdominant-1, subdominant-2, and so on, according to their relative abundance. We also estimated the cost of multiple carriage detection by this method.
Materials and methods

Specimen collection
Nasal swabs (N = 212) were collected from healthy children <5 years of age identified from a lower socioeconomic population in a government housing area of urban Dhaka, Bangladesh. Nasal specimens were collected, after obtaining consent from the caregivers, using Dacron swabs and placed immediately in 1 ml of skim milk-tryptone-glucose-glycerol (STGG) medium and transported to the laboratory. Specimens not processed in real-time were stored at −70 • C.
Quantitative culture
Serial dilutions, up to 10 −3 , of vortexed specimens were cultured on gentamicin (5 g/ml) Columbia blood (5%) agar by pour plate method using 10 l of the original and diluted samples. The plates were incubated overnight at 37 • C in an atmosphere with 5% CO 2 .
Specimens with innumerable colonies on 10 −3 dilution plates were diluted further to get countable colonies. Density of pneumococcus in the specimens showing growth (N = 125) was quantified based on the number of colony forming units (CFU) and calculated by counting colonies and considering the dilution factor (CFU/ml = no. of colonies × dilution factor × 100).
While dealing with large numbers of colonies, we incorporated built-in checks at each step to screen out non-pneumococcal colonies. At this stage the colonies were checked for typical morphological characteristics of pneumococcus. Atypical colonies were tested for susceptibility to optochin on plain Muller-Hinton blood agar.
Sub-cultures
Initially, we selected 100 colonies to be serotyped from a plate showing presumed pneumococcal growth from nasal swabs, and sub-cultured them on Muller-Hinton blood agar plates. The first colony taken for sub-culture was of the predominant morphology. The next 9 colonies sub-cultured included morphologically different ones (if there were any), and the remaining 90 colonies were taken randomly and sub-cultured. The plates were incubated overnight and colonies were serotyped using capsular swelling (Quellung) tests.
Since sub-culturing and serotyping of 100 colonies was labor intensive and time consuming (including overnight incubation), a method based on broth culture and PCR in 100 wells (96 + 4) of PCR plates was developed and validated to make the task more efficient. The PCR-plate-based method then replaced the method using sub-culturing in our study.
Broth culture
An enrichment broth consisting of Tryptic-Soy-Broth (TSB) and 5% lysed blood was aliquoted (30 l) into each of the 100 wells (96 + 4) of the PCR plates. One hundred colonies, including morphologically different ones (if present) from the initial plate, were transferred into the wells using sterile toothpicks. The plates were sealed using Para-film and incubated for 4 to 5 h at 37 • C at atmospheric CO 2 levels ( Fig. 1 ), based on prior optimization for time of incubation, concentration of lysed blood, and broth composition (data not shown).
Quellung of 10 colonies
Pneumococcus from the first well of the PCR plate was serotyped by Quellung reaction using type-specific anti-pneumococcal omni, pool, type or group, and factor sera (Statens Serum Institute, Copenhagen, Denmark). Pneumococci in the nine subsequent wells were typed using the specific factor sera of the first serotype detected to minimize antisera usage and save time. If any failed to react with the first colony's specific factor sera, it was typed as a new isolate, using pool, type/group, and factor sera. To elucidate the rate of co-colonization by the WHO recommended method [13] , 2 to 3 colonies with morphological differences were among the first 10 wells subjected to serotyping. Suspected pneumococcal strains that were non-reactive with omni antisera, were subjected to optochin susceptibility and bile solubility sequentially to exclude non-pneumococcal organisms.
PCR of 90 remaining colonies
Broths from the 90 additional wells with unknown serotypes were subjected to multiplex/singleplex PCR with specific primer(s) for serotypes detected among the first 10 colonies. In addition, 4 wells with the broth of known serotypes from the first 10 colonies and 2 wells with non-inoculated broth were included as internal positive and negative controls, respectively, giving a total of 96 PCR reactions. Each reaction well contained 20 l of reaction mixture [4 l Solis FirePol Mastermix (Solis BioDyne, Tartu, Estonia), 0.2 l (0.5 to 2 M) each of reverse and forward primers, 0.5 l of the template broth and PCR grade water] [14] (Fig. 1) . Primers for the cps gene were used on each well to confirm the strains as pneumococcus and screen out non-typeables.
Quellung of non-amplified pneumococcus
Pneumococci from wells showing amplification with the specific primers were interpreted to be of the same serotype(s). Those that failed to show any amplification with specific serotypes but that were positive with cps were considered as serotype(s) different from the first 10 colonies. These were picked from the corresponding broth wells and checked for a new serotype by Quellung reactions. Wells with no amplification with either serotype-specific primers or cps were suspected as non-pneumococcus and tested with optochin disc and bile solubility.
Serotypes were labeled as dominant, subdominant-1, subdominant-2 and so on, based on their proportions in the 100 colonies serotyped from each sample. CFUs of particular serotypes were calculated taking dilution factor into account (Fig. 1 ).
Cost and time calculations
The cost of this method, starting from culture of specimen to detection of serotypes, was calculated based on the value of the exact volume and/or numbers of consumables required for processing 102 carriage-positive specimens. Cost estimation for serotyping was done based on the price of the omni, pool, group and factor sera required for the first serotype of each specimen (N = 102). For the subsequent capsular swelling reactions only factor sera cost was added (N = 918). Full cost of antisera was also considered for all new serotypes identified among the first 10 colonies and the subsequent 90 colonies (N = 24) (Fig. 1, Table 1) .
As it is difficult to calculate person-time for each of the components, we estimated the time based on the number of specimens that could be processed, from culture to serotype detection, per day. Overnight PCR and/or incubation were not considered.
Utility of serotyping 100 colonies
The probability of finding one or more colonies of a subdominant serotype in the sampled 100 colonies was calculated using the following formula 1 − q n [from the simple binomial formula q n = (1 − P)], where q = 1-proportion of less common serotype, n = number of colonies serotyped and P = probability of finding one or more colonies [10] . 
Results
Pneumococcus grew from 59% (125/212) of the specimens, and 102 carriage-positive specimens were processed for the development of this method. The density of pneumococcal populations ranged from 10 2 to 10 7 CFU/ml as discerned by quantitative culture. In the 102 specimens with pneumococcal carriage, algorithmic use of conventional and molecular methods yielded 46 different serotypes, including 16% (16/102) non-typables (Fig. 1) .
Multiple serotypes were detected in 22% (22/102) ( Table 2 and Fig. 1 ) of samples positive for pneumococci. Only 1 to 3 morphologically distinguishable colonies could be discerned per plate, so the WHO-recommended morphology-based selection of multiple colonies revealed multiple serotypes in only 3% (3/102) of the specimens. Expansion of the number of colonies serotyped to 10, based on combination of colony morphology and random selection, improved the detection of multiple serotypes by revealing another 14 specimens with multiple serotypes. Thus, the proportion of cases with multiple-serotypes increased from 3% to 17% (17/102) due to the typing of 7 to 9 additional colonies. The next step, PCR-based serotyping of 90 colonies with the specific primer(s) for the specific serotype(s) detected in the first 10 colonies, uncovered an additional 5 cases with multiple serotypes. Among the specimens with multiple colonization, 20 (91%; 20/22) and 2 (9%; 2/22) had two and three different serotypes, respectively. Typing of the additional 90 colonies, after the initial 10, uncovered subdominant co-colonizers with low density ( Table 2 ). The relative ratio of co-colonizing serotypes ranged from 50% (50:50) to 99% (99:1). Among these, subdominant serotypes accounted for <3% of colonies in 3% (3/102) of specimens and 6% (6/102) of specimens had serotypes accounting for ≤5% of colonies ( Table 2) .
The average consumable (reagents and disposables) cost for processing each specimen by this quantitative method for multiple carriage was $87 (Table 1) , and 5 carriage-positive specimens could be processed by a person per day.
We calculated the probability of finding one or more colonies of a subdominant serotype and concluded that our method had a 95% chance of detecting a subdominant serotype present at a relative abundance of 3% of the total pneumococcal population (q = 1 − 0.03 = 0.97, n = 100).
Discussion
The new method described here can be considered as a 'proof of concept' to demonstrate that algorithmic use of conventional (Quellung) along with molecular (PCR) methods can fulfill the desired need for an in-depth carriage study that fulfills all WHO recommendations [6, 13] . Our method involves quantitative culture, which keeps the relative abundance of pneumococcal serotypes and other organisms intact, and thus facilitates quantitative measurement of pneumococcus and other colonizing bacteria. Furthermore, enumeration of pneumococcal colonies (in CFU/ml) allows the successful classification of the co-colonized serotypes as dominant, subdominant-1, subdominant-2 and so on.
The PCR steps are guided and dependent on the information from the initial results of the Quellung reactions (Fig. 1) . In addition, the known serotype(s) found by the first 10 Quellung tests are also included on the PCR plate as internal positive controls.
Therefore, all serotype results from the molecular method are fundamentally based on Quellung reaction and testing is performed on colonies, not on the STGG or broth media directly, therefore limiting the chance of false positive reactions. By comparison, immunoblots have not yet been completely harmonized with Quellung-based serotyping [3] . Furthermore, our method has built-in checkpoints, including morphological characterization, amplification with pneumococcal serotype and capsule-specific (cps) primers, Quellung reactions with pneumococcal antisera (omni, group, type and factor), and finally optochin susceptibility and bile solubility tests when needed to screen out non-pneumococcal colonies.
The algorithmic steps of Quellung-guided PCR and a final phase of Quellung reactions of the PCR non-reactive strains facilitate the detection of all serotypes. In this series we could detect all the serotypes including 6c and 6d. However, we could not identify new serotypes (12f, 11e and 6e) due to unavailability of specific antisera/primers in our laboratory. However, like all other strains, those could also be discerned once we receive the corresponding antisera/primers.
The method is practical and can be done at any laboratory having a microscope and a conventional thermal cycler. Optimization of Quellung-guided, PCR-based typing on a 96-well format to replace the initial subculture and Quellung-based serotyping of all 100 colonies was the most important development in establishing the practicality of this method. By-and-large, one person can process 6 to 10 specimens per day depending on the carriage rate in the source population.
As the method has been developed at a laboratory with extensive experience of Quellung and PCR-based serotyping of pneumococcus [14] [15] [16] but in a resource-poor setting, affordability was a prime consideration at each step. Conservation of antisera by using specific factor sera for the follow-up strains, based on the type of the already-serotyped strain discerned by full Quellung reactions, saved time and minimized the cost significantly. In the next step, use of PCR for 90 colonies and the option to leave the plates overnight in the thermal cycler significantly reduced the workload and time.
One limitation of our study was the use of nasal instead of nasopharyngeal (NP) swabs; nasopharyngeal swabs are recommended by WHO for routine assessments of colonization. However, as our study evaluated methods to detect multiple serotypes rather than an assessment of overall colonization prevalence, the site of collection may be less important than in typical carriage studies. In addition, the amount of carriage (59% overall) and proportion of carriers with multiple serotypes (22%) suggests the nasal swabs were a reasonable sample for pneumococcal identification. To investigate further whether site of sampling matters in assessment of multiple colonization, we have now started a blinded comparison of nasal and NP swab from the same child, as part of a respiratory microbiome study. The study, using this method, will comprehensively examine the comparative density of organisms and co-colonization of pneumococcal serotypes yielded from nasal and NP swabs. Use of the method described here may not be needed for carriage studies designed to simply determine if vaccine types are going down after introduction. However, the comprehensive measurement of pneumococcal colonization generated by this method will have important implications for understanding the dynamics of serotype changes in the post PCV era. It will enable researchers to differentiate between vaccine-induced unmasking and replacement phenomena [3, 6] . This method will help explain the true impact of vaccine introduction, as carriage studies based on single colony serotyping overlook the impact on subdominant vaccine types. In addition to vaccine impact, detailed knowledge about epidemiology of co-colonization will be important to understand dynamics of pneumococcal evolution; co-colonization facilitates horizontal gene transfer, leading to capsular switching and acquisition of multidrug resistance [17] . None of these objectives are attainable by single colony methods, which may not always represent the dominant types ( Table 2 ). The algorithmic steps of the study involving incremental numbers of colonies also shed light on the significance of the number of colonies analyzed in unveiling co-colonization. This method enables a large number of colonies to be processed relatively quickly and at low cost; while investigating 100 colonies resulted in a 95% chance of detecting a subdominant serotype present at a relative abundance of 3% of the total pneumococcal population, the exact number selected can vary depending on resources and desired sensitivity. The data generated through this method will allow trends in serotype distribution in the population to be tracked. For example, ordering of serotype data by their rank as dominant or subdominant will allow simple analyses like examining shifts from subdominant to dominant of non-vaccine types following vaccine introduction. In addition, the data generated would allow dissection of more intricate and perhaps unknown interactions between different serotypes.
